Purpose Low-intensity pulsed ultrasound (LIPUS) has been used successfully to accelerate healing of fresh fractures and non-unions. It also improved callus maturation with distraction osteogenesis in animal trials. However, only few clinical studies are available to support its widespread use for the latter indication in humans. Methods Twenty-one patients undergoing callus distraction for posttraumatic tibial defects were randomized into two groups: the trial group (12 men; mean age 32 years) which received 20 minutes LIPUS daily during treatment and the control group (six men and three women; mean age 29 years) without LIPUS treatment. The Ilizarov ring fixator was used in all cases. Results were examined clinically and radiologically, analysing callus maturation with a computer-assisted measurement. Results Patients in the LIPUS group needed a mean of 33 days to consolidate every 1 cm of new bone in comparison to 45 days in the control group. The healing index was therefore shortened by 12 days/cm in the LIPUS group. This means that callus maturation was 27 % faster in the LIPUS group. The fixator time was shortened by 95 days in the LIPUS group. The overall daily increase in radiographic callus density was 33 % more in the LIPUS group than in the control group. Conclusions LIPUS treatment is an effective non-invasive adjuvant method to enhance callus maturation in distraction osteogenesis. With the help of this treatment, the healing time and the duration of external fixation can be reliably shortened.
Introduction
Callus distraction was introduced by Codivilla in 1904 through traction on a calcaneal pin [1] . His idea was grasped and evolved in Italy 14 years later by Putti [2] . Ilizarov [3] developed and used his extremely versatile circular fixator since the early 1950s. Over his 40 years of work in Kurgan's Russian Scientific Center, he expanded the indications for his technique and the method of transosseous osteosynthesis it harnesses from acute fracture care to obscure cases such as Ollier's disease and thromboangitis obliterans with bone transport being the most frequent application [4] .
One of the main problems associated with bone distraction is the long duration of treatment in a cumbersome external fixation frame with subsequent socioeconomic and psychological drawbacks as well as higher risk of complications like pin tract infections and soft tissue contractures [5, 6] . Shortening the treatment time, particularly the maturation period, would therefore reduce the costs, complications and burden on the patient. However, neither direct electric stimulation [7] nor the application of electromagnetic fields [8] have proved themselves as adjuvant treatment in the clinical setting.
The use of low-intensity pulsed ultrasound (LIPUS) offers an alternative to assist callus maturation. It has been theorized that the micromechanical strains produced by its pressure waves in biological tissues may result in biochemical events that regulate fracture healing [9] . Several studies showed the benefits of LIPUS stimulation in enhancing bone healing after fresh fractures [10] [11] [12] [13] [14] [15] [16] as well as in cases with delayed or nonunion [17] [18] [19] [20] [21] [22] with accelerated fracture healing by 24 %-42 % and a good success rate in treating delayed and nonunion of humeral (67 %), femoral (82 %), tibial (87 %) and forearm fractures (90 %) [23] . Furthermore, a number of animal studies demonstrated significant benefits for its use as an adjuvant during distraction osteogenesis [24] [25] [26] [27] [28] [29] . However, its clinical application in humans to enhance callus maturation has been not sufficiently studied. The aim of this work was to study the effect of LIPUS on bone maturation after tibial callus distraction regarding the healing index, fixation time and radiographic bone density in the clinical setting.
Materials and methods
In a randomized controlled trial (RCT) performed between January 2000 and January 2006, 21 skeletally mature patients (older than 18 years) undergoing callus distraction (average distraction distance of 79 mm) after comminuted tibial fractures were assigned to either of two groups: the trial (LIPUS) group included patients whose callus distraction was supported with LIPUS stimulation and the control group where patients were not subjected to LIPUS during distraction. The trial group composed of 12 male patients with a mean age of 32 years, a mean body weight of 77 kg and a mean height of 179 cm. Seven patients were alcoholics and six were smokers. The control group consisted of nine patients (six men and three women) with a mean age of 29 years, mean body weight was 82 kg and the mean height was 177 cm. There were four patients with alcohol problems and four were smokers. Exclusion criteria were pregnancy, lack of compliance, discontinuation or change of therapy, re-operation and amputation.
In all 21 cases, Ilizarov ring fixators were used. The technique of bone cutting was a low-energy corticotomy using osteotome cuts in between drill bit holes (rarely using a Gigli saw) with the preassembled fixator mounted on the leg while considering the important anatomical structures and the location of both safe and hazardous corridors for wire/pin placement. The dorsal cortex is broken in external torsion of the distal rings in relation to the proximal ring as to avoid traction injury of the peroneal nerve. Ten days after corticotomy, callus distraction was started with a rate of 1 mm per day (¼ turn every six hours). All patients in the trial group received LIPUS treatment using a Sonic Accelerated Fracture Healing The device was used once a day for 20 minutes without interruption. The exact site of ultrasound (US) stimulation was determined and marked under fluoroscopy. To check for patient's compliance in using LIPUS, the US device was supplied by a memory chip that makes the regular application of LIPUS at the end of treatment controllable.
Clinical follow-up was done every two weeks and control radiographs were ordered every four weeks, the first of which was done immediately postoperatively to check the completeness of the corticotomy and the pin/wire locations. All radiographs were done using a Siemens 150/30/50 C-100 tube and then scanned using Lumiscan 75 (Lumisys. Inc., Sunnyvale CA) with the digital science software from Kodak. The images were then transferred to a standard Pentium III PC 256 MB RAM supplemented with the evaluation program Applicare Medical Imaging B.V. (RADWorks Review 2.1). Using this program, it is possible to measure distances and radiologic density. To avoid misinterpretations from different X-ray penetrations, the fibula was taken as a reference to neutralize the penetration factor. A calibration scale (ruler) was added to eliminate the magnification factor from differences in the distance between the extremity and the X-ray tube. In every film, the corticotomy site and the new callus were defined and referred to as the d-Callus. The whole callus surface was divided into three equal parts "d-prox., d-middle and d-distal" (Fig. 1) . The bone density in the neighbouring fibula was then measured followed by the density of the tibia immediately proximal and distal to the callus (d-vcall und d-ncall). The distance of callus distraction was called "callus length". Its measurement took in consideration the correction factor from the added calibration. This was then correlated to the duration of distraction as mm/day. All distance values were given in the software program in units, which were then transferred to real values using a specific formula.
The healing time was defined as the time between frame application and removal. For a differentiated analysis, the whole process of callus distraction was divided into three phases: the latent phase, the distraction phase and the consolidation (maturation) phase. The end of treatment was defined in both groups as fixator removal.
Results
The distraction phase began after a ten-day-latent period. Callus distraction of 1-mm per day was done in both groups with additional 20 minutes of US treatment per day in the LIPUS group. The daily increase in bone density was measured by means of the above-mentioned program and corresponded to the average value, a measure of the average density in a radiograph. Only the factor callus/fibula was used to describe the increase in density. In the distraction phase, the mean daily increase in radiologic bone density was 0.49±0.14 in the LIPUS group in comparison to 0.42±0.09 in the control group, which meant an improvement by 14 % in the LIPUS group (Fig. 2) .
The consolidation or healing phase started after the end of distraction till removal of the fixator. During this phase, the daily 20-minute-LIPUS treatment was continued in the trial group. The increase in bone density in the consolidation phase was measured similar to the distraction phase. The difference in its daily increase between both groups was minimal: 0.27 % ±0.002 in the LIPUS group and 0.25 %±0.001 in the control group. A length corrected increase in the bone density per day (because of the different distraction lengths) was therefore considered. In the LIPUS group, there was a daily increase of bone density of 0.19±0.12 in comparison to a 0.12±0.08 in the control group (Fig. 3) . This amounts to an increase of 58 %. The collective increase in radiographic bone density during both phases showed a mean daily increase of 0.28 ±0.12 in the LIPUS group in comparison to 0.21±0.07 in the control group. Accordingly, the daily increase of bone density was 33 % more in the LIPUS group (Fig. 4) .
As regards the healing time, patients in the LIPUS group needed a mean of 33 days to consolidate every 1 cm of new bone formation. On the other hand, patients in the control group needed a mean of 45 days to achieve the same goal. The healing index was therefore shortened by 12 days/cm (27 %) in the LIPUS group (Fig. 5) . With an average distraction distance of 79 mm, the healing time for patients in the LIPUS group was reduced by approximately 95 days.
Discussion
LIPUS is a special type of acoustic pulsed energy that is increasingly used as an adjuvant therapy to enhance bone and wound healing [31] . Its energy is absorbed at a rate proportional to the density of the tissues in which it passes through [9] . Although US at high intensities causes thermal damage, lower doses were shown to stimulate bone healing with minimal heating effects [9, 32, 33] . This was first reported by Maintz in 1950 after radius osteotomy in rabbits [34] . Corradi and Cozzolino were the first to document that US treatment led to periosteal callus formation [35] . Duarte first used LIPUS to stimulate bone healing in osteotomized rabbit fibulae [30] . In 1983, Xavier and Duarte successfully applied LIPUS to trigger healing of human fractures [36] . Subsequently, the effect of LIPUS on bone healing was clinically established in the 1990s for fresh fractures as well as delayed and non-unions [9, 37] , so that it gained Food and Drug Administration (FDA) approval for fresh fractures in 1994 and for established non-unions in 2000 [38] .
A number of prospective randomised controlled studies proved an accelerated fracture healing using LIPUS treatment. Heckman et al. demonstrated a 38 % reduction in the healing time of tibial fractures using LIPUS [10] . Similarly, Kristiansen et al. found a 30 % acceleration in fractures of the distal radius [11] . Comparable results were reported by Mayr et al. for scaphoid fractures [12] . In their meta-analysis of these three studies with a total of 158 fractures, Busse et al. found that LIPUS shortens the healing time by 64 days in conservatively treated fractures [13] . Similar positive effects were observed by Cook et al. [14] in tibial and distal radius fractures and by Leung et al. [15] in complex tibial fractures. Warden et al. concluded that from animal and human studies, the use of LIPUS could accelerate the rate of fracture repair by a factor of 1.4-1.6 in animals and reduce the healing time by 38 % in humans [16] . Mayr et al. showed an overall success rate of 91 % for delayed unions and 86 % in cases with nonunion using LIPUS treatment [17] . Further studies supported LIPUS treatment of delayed and non-unions [18] [19] [20] [21] [22] [23] . Most recently, Urita et al. showed that LIPUS shortens the time to cortical union by 27 % and to endosteal union by 18 % after forearm (ulnar or radial) bone shortening osteotomies [39] .
The promising results of LIPUS treatment in fracture healing consequently led many investigators to study its effect on callus maturation during distraction osteogenesis using different animal models [24] [25] [26] [27] [28] [29] . Three research groups investigated the effect of LIPUS application in rabbit tibiae [24] [25] [26] . Shimazaki et al. [24] and Sakurakichi et al. [25] found larger callus formation, higher bone mineral density (BMD) and a correspondingly higher biomechanical stiffness and strength in the LIPUS group. Tis et al. found LIPUS to increase the size of the distraction callus and improve its composition with less fibrous tissue but without a positive effect on its density or mechanical parameters [26] . Mayr et al. [27] and Claes et al. [28] used LIPUS in the maturation phase after callus distraction in sheep metatarsals. The LIPUS group showed more BMD [27] , a significantly higher axial compression and indentation stiffness and significantly more callus formation [28] than the control group. Eberson et al. [29] showed better mechanical callus properties (20 % stiffer and 30 % stronger) with LIPUS application in femoral lengthening in rats.
Only few human trials studied LIPUS effects on distraction osteogenesis. El-Mowafi and Mohsen [40] noted a significant reduction (p=0.001) of the healing index in tibial distraction (5-8 cm) using Ilizarov fixators by 18 days/cm (30 %) in LIPUS-treated patients (30 days) in comparison to controls (48 days). Tsumaki et al. [41] applied LIPUS in bilateral onestage opening wedge high tibial osteotomy to treat varus osteoarthritis in elderly patients (mean age 68 years) with significant increase in the mean BMD of the distraction callus (p=0.02) but no significant change in the consolidation period or the duration of external fixation. Chan et al. reported accelerated bone remodelling and harder callus volume with significantly increased BMD, bone mineral content (BMC), and bone strength index in the LIPUS group [42] . In a recent prospective randomized controlled trial, Dudda et al. reported shortening the external fixation time to 43.6 days with a mean distraction/consolidation index of 32.8 days/cm in the US group compared to 44.6 days/cm for the control group [43] . Furthermore, Gebauer and Correll [44] reported solid healing through LIPUS treatment of all 17 cases of delayed unions (three to seven months) and non-unions (more than eight months) after limb lengthening in children without additional operations. This was also reported by Esenwein et al. for delayed callus maturation in adults [45] .
The exact mechanism of action of LIPUS is complex. In vitro cellular evaluation and in vivo animal trials revealed that US induces a variety of non-thermal effects [9, 33, 46] that promote proliferation of human and animal cells with increased protein and DNA synthesis, membrane permeability Fig. 4 Differences in bone density in the trial and control groups during the whole treatment Fig. 5 The healing time and calcium influx [47] . Zhou et al. attributed US-induced cell proliferation to the activation of integrin receptors [31] . Kumagai et al. described the homing of circulating osteogenic progenitors to fracture sites as a possible mechanism of US contribution to new bone formation [48] . The enhanced angiogenesis, increased synthesis of fibroblast, vascular endothelial and platelet-derived growth factors and prostaglandin E2 and the activation of nitric oxide pathways and aggrecan messenger RNA expression have also been proposed as potential mechanisms of stimulating bone healing [37, [46] [47] [48] [49] [50] .
The timing of LIPUS application in distraction osteogenesis is still controversial. Most authors [24, [26] [27] [28] [40] [41] [42] studied the influence of LIPUS treatment on the maturation (consolidation) phase because this makes up the longest part of the treatment time and thus the benefit of stimulation would be at greatest. Chan et al. [42] found that the effective period of LIPUS treatment was at the initial stage of consolidation (without comparing this to the distraction phase). These findings were deferred by Sakurakichi et al. [25] in Japanese white rabbits. They found greater BMD and mechanical strength when LIPUS was performed during the lengthening phase as compared to the latent and the maturation phase. In our study, we applied LIPUS in both the distraction and the maturation phase in order to achieve a maximal benefit, that is why we are unable to make a recommendation as regards the best timing of LIPUS treatment. However, the increase in bone density was greater in the consolidation than in the distraction phase.
Our study is limited by its small number of patients. However, the results we obtained and the extensive literature we reviewed support the clinical use of LIPUS to enhance callus maturation, reduce the healing time and shorten the period of external fixation in distraction osteogenesis. This may prevent delayed union or the development of pseudarthrosis as well as other fixator-related complications like pin tract infection and joint contractures in such lengthy and complex procedures.
